Abstract-This paper outlines the design considerations for gigahertz-bandwidth, high-current p-i-n photodiodes utilizing InGaAs absorbers. The factors being investigated are photodetector intrinsic region length, intrinsic region doping density, temperature effects, illumination spot size, illumination wavelength, frequency, and illumination direction. Space-charge calculations are used to determine optimal device geometry and conditions which maximize saturation photocurrent. A thermal model is developed to study the effects of temperature on high-current photodetector performance. The thermal and space-charge model results are combined to emphasize the importance of thin intrinsic region lengths to obtain high current. Finally, a comparison between surface-illuminated p-i-n structures and waveguide structures is made to differentiate between the problems associated with achieving high current in each structure and to outline techniques to achieve maximum performance.
I. INTRODUCTION
M ANY microwave and millimeter-wave photonic systems benefit with the use of high-current photodetectors. The use of high photocurrent increases the dynamic range and reduces the loss and noise figure in externally modulated links [1] - [3] and can decrease the complexity of high-bit-rate digital receivers [4] , [5] . Increasing the output photocurrent also increases the output radio frequency (RF) signal level possible directly from the photodetector. This point is particularly important in optically steered phased array antennas since any increase in photodetector output signal level reduces the necessary phase-and amplitude-matched electronic gain at each antenna element. In an effort to increase the output photocurrent, a number of groups have been studying surface-illuminated [6] - [11] , metal-semiconductor-metal [12] , [13] , waveguide [14] , [15] , traveling-wave [16] , [17] , and photodetector arrays [18] , [19] . The ability to increase photocurrent depends on two primary factors: 1) space-charge limitations which are influenced by physical dimensions, structure type, illumination conditions, maximum electric field, etc. and 2) thermal considerations. Whether space-charge or thermal effects ultimately limit the maximum photocurrent has yet to be determined, however, thermal effects are important, especially for the long-term reliability of photodetectors. This Manuscript received February 9, 1999 ; revised May 6, 1999 . This work was supported in part by the Office of Naval Research.
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paper addresses some of the design issues and tradeoff's for high-current photodetectors.
II. GENERAL CONSIDERATIONS
The realization of high-current photodetectors (PD's) can be greatly enhanced through careful design and packaging. To maximize photocurrent, some design tradeoff's are necessary, some of which are not compatible with designs that maximize quantum efficiency or that have wide packaging tolerances. However, the performance lost can be minimal while providing for substantial improvements in photocurrent. Quite often these tradeoff's are interrelated, so the consequences need to be evaluated from all aspects to obtain whether a particular design trade is warranted. For example, space-charge effects can be reduced simply by increasing the applied PD voltage, however, larger PD bias voltages increases the risk of electrical breakdown due to a high-peak electric field and shortened lifetime due to increased Joule heating. The obvious trades are those which have little or no consequences such as the choice to illuminate through the p-side rather than the nside of the device. Such choices can result in an order of magnitude improvement in saturation current [11] , depending on the frequency, intrinsic region thickness, and illumination wavelength.
The design of high-current PD's relies on measurement and simulation techniques which can provide insight into the cause and effect of such design trades. A two-laser heterodyne system [20] has been used to characterize PD nonlinearities [3] , [20] , [21] as well as the large-signal saturation behavior [22] , and pulsed systems [17] , [18] , [23] are helpful in studying the transient behavior. Small-signal measurement systems have also been used to measure certain characteristics [6] , [7] , [11] , [14] , [22] - [24] of high-current PD's. A particular implementation of a small-signal measurement system is shown in Fig. 1 , where the outputs of a constant-power RF-modulated laser are combined with a variable high-power continuous wave (CW) laser and illuminate the PD under test. The lasers operate at slightly separated wavelengths to prohibit the generation of detectable beat frequencies, but close enough to ensure good overlap of the incident optical fields-difference wavelengths from 1 to 10 nm is a good compromise. Larger wavelength differences can yield erroneous results since the probe and dc fields may not sufficiently overlap or there may be significant wavelength dependence [11] in the response. More than 60 dB of total isolation (30 dB internal and 30 dB external to each laser) is maintained between lasers to prohibit reflections from influencing the RF-modulated optical power illuminating the PD. Thus, the incident RF-modulated light is independent of the average CW laser power.
The system in Fig. 1 is used to measure the small-signal 1 dB compression current, -, as a function of applied PD bias. The RF response at a particular fixed frequency of the PD under test is monitored as the average current is increased. The RF photoresponse decreases at high average illumination levels due to a buildup of carriers in the depletion region, accompanied by a partial collapse of the intrinsic region electric field [6] . The current at which the response decreases by 1 dB from the value at low currents is denoted -. This definition of compression is used here and is appropriate for quadrature-biased externally modulated links or other systems where predominantly high average currents are encountered. Alternative definitions of compression for pulsed [18] or large-signal [22] CW conditions are more appropriate for those particular applications and will not be considered here. Direct comparisons betweenmeasurements and measurements based on these alternative definitions should be avoided as pulsed compression measurements tend to result in much higher compression currents and are dependent on pulse width [23] while large-signal compression measurements typically lead to lower compression currents [22] due to the higher peak currents. In general, -is a function of RF frequency, with higher frequencies exhibiting larger compression for the same average current. The measurement can also be influenced by quantum efficiency nonlinearities [24] which can increase or decrease the response as well as being a function of frequency.
Small-signal compression measurements are shown in Fig. 2 for two devices: a 3 GHz p-side-illuminated p-i-n [11] , denoted PD1, and a 25 GHz n-side-illuminated p-i-n, denoted PD2, and similar to those in [25] except with a 0.5-m long intrinsic region. Note that the 3 GHz PD shows behavior typical of space-charge limited currents, with higher frequencies displaying lower -. The differences in the response of PD2 will be discussed in Section III. Several typical characteristics are readily obtained from the measurements in Fig. 2 . First, there is a threshold voltage, , where the slope ofincreases sharply. As will be shown shortly, minimizing is important, since large force large PD bias voltages which contribute to Joule heating in the absorber, where elevated temperatures can lead to catastrophic failure [8] . For PD1 and PD2, is approximately 4 and 0 V, respectively. Second, the slope, , ofversus voltage is important since this also necessitates added bias for maintaining linearity at a given current. In Fig. 2 , is in the range of between 5-16 To analyze Joule heating in the absorber, an expression relating the dissipated power to the necessary applied voltage and photocurrent can be derived with the help of a model [ Fig. 3 ) is applied across the junction with a bias tee. In addition to the requirements imposed to maintain PD linearity (determined by and ), load voltage transients also necessitate higher . Fig. 3(b) shows the dynamic voltage and current characteristics of the PD and load impedance configuration of Fig. 3(a) . As the RF current flows through the load, the induced load voltage causes the PD terminal voltage to vary around its dc level. Thus, under large-signal operation, to keep the PD terminal voltage greater than 0 V (reversed biased), must be greater than . Increasing to account for load voltage transients will increase the PD junction power dissipation for all modulation depths, emphasizing the need to minimize the PD voltage required to overcome space-charge effects. V is thus the sum of three terms, the peak load voltage, -, a term proportional to the inverse-slope of -, and the minimum voltage required for high current operation, . Conservation of energy dictates that the power dissipated in the PD depletion region can be expressed as (1) where is the power supplied by the voltage source and is the power delivered to the load. is the absorbed optical power that results in dc photocurrent, equal to the incident power multiplied by the PD quantum efficiency. Incident light that does not contribute to the dc photocurrent does not contribute significantly to heating, so, it is neglected in this analysis. The power supplied by the bias source is just the average current multiplied by . Therefore, the 
The first term represents the minimum dc PD terminal voltage required to maintain a terminal voltage greater than 0 V while delivering to the load. The second and third terms represent the necessary bias for the PD to operate at high currents. The factor of two in the second term accounts for the possibility of large-signal (100% modulation depth) operation. For ac-coupled 100% modulation depths (Fig. 3) , the average current is just the peak load voltage divided by the load resistance, , thus substituting (2) into (1) yields -
The photodetector power conversion efficiency is defined as
The first term in (3) equals 2 , which reduces (4) to -
For an ideal (although unrealizable) high current PD, is infinite and , implying from (5) that can approach 100% ( and assuming 100% QE). When the PD has finite and nonzero , the decrease in can be quite substantial. Fig. 4 plots (3) for three different PD's, labeled (a), (b), and (c). The ideal high current PD (curve a) represents infinite and , thereby representing the minimum power that the PD absorber must dissipate to deliver a given output power. Curve (b) represents a PD similar to PD2 which does not require any excess bias voltage for high current operation ( ) but requires additional voltage to overcome space-charge effects (finite ). This is nearly the case for PD2 (Fig. 2) where V and mA/V. Note that at +20 dBm output (100 mW RF power), the power conversion efficiency decreases from 61% for curve (a) to 15% for curve (b), more than four times the power dissipation in the absorber. Curve (c) represents a PD similar to PD1 (Fig. 2 ) where in addition to having finite , the PD requires a minimum voltage, , before the current handling capacity of the PD increases. This further reduces , where at +20 dBm output, decreases to 8%. Fig. 4 clearly emphasizes the need to maximize and minimize in high-current PD's, especially as output powers increase to above +10 dBm, and as power dissipations increase above 100 mW. In Section V, the PD thermal impedance will be analyzed to show that such high power dissipation levels can result in catastrophic failure.
III. OPTICAL POWER DENSITY CONSIDERATIONS
In the previous section it was shown how important it is to maximize the slope, . The slope is determined primarily by space-charge effects where the separation of photogenerated carriers yields an opposing space-charge electric field which redistributes the intrinsic region electric field, causing the field to collapse [6] , resulting in RF compression. Thus, higher intrinsic-region electric fields (applied voltages) are required to increase compression current. The first step to minimizing the space-charge effects, hence increasing , is to uniformly illuminate the absorber to minimize the photogenerated carrier densities. With a Gaussian beam incident on a circular absorber, the tradeoff that is made when designing for high power is to expand the beam diameter, however, this causes a fraction of the incident beam to "miss" the active region, resulting in lower quantum efficiencies. For this reason, most commercial PD's are not optimized for high power.
It has been shown [7] that by expanding the Gaussian beam such that 5-10% of the light misses a circular absorbing region, the compression current can double for the same applied voltage. The measurements for PD2 in Fig. 2 show that for less than a 1% quantum efficiency reduction, a 30% increase in compression current can be obtained. Using straightforward Gaussian beam calculations, the fraction of light captured and the relative peak power density are plotted in Fig. 5 as a function of the aperture radius (PD physical radius) divided by the beam intensity radius. The relative peak with an incident beam radius, r o (e 02 intensity). Also plotted is the relative peak power density which is defined as the peak power density (beam center) divided by the power density of a uniform illuminated PD at the same average current.
power density is the peak power density at the center of the expanded Gaussian beam normalized to a PD illuminated with uniform power density at the same total current. It can be seen that a 10% reduction in collection efficiency (from 99.3 to 90%) reduces the relative peak power density by 50% (from 5.0 to 2.5). Thus, since compression is dominated by the highest power density regions in the PD, one should expect a corresponding increase in compression current. This increase has been experimentally confirmed for a 500 m diameter PD [7] , but for PD2 (25 m diameter, Fig. 2 ), a reduced increase was observed for beam diameters resulting in less than 99% collection efficiencies. Nevertheless, the compression current did improve by up to 33% with the more uniform intensity distribution.
The results in Fig. 5 also suggest that substantially lower power densities can be obtained without compromise by slightly expanding the beam diameter. The peak power density can be reduced 50% by increasing the beam diameter from 1/2.5 to 1/1.7 times the physical diameter. This comes at the expense of only a 0.3% quantum efficiency reduction. Illumination with more complex optical systems which yield uniform intensity profiles could further lower the power density in surface-illuminated PD's. This would minimize photogenerated carrier densities, thus increasing performance (increased ), without sacrificing significant efficiency.
IV. ILLUMINATION DIRECTION AND WAVELENGTH
In addition to minimizing the illuminated power density, the compression current for a RC-limited-bandwidth PD (area/thickness constant) can be maximized with proper design of the semiconductor internal structure. One optimization technique has been modeled and verified [11] for 3 GHz PD's. The optimization is the result of differences between n-and p-side illumination for PD's with low-doped n-type absorbers. The results [11] suggest that illumination from the p-side with an absorber thickness equal to approximately two absorption lengths yields from two to ten times the compression current of identical PD's (same illumination Fig. 6 . Simulated compression current at a fundamental frequency of 10 GHz versus device intrinsic region length, illumination wavelength, and direction. The data is normalized to an n-side illuminated 1-m long photodetector at 1319 nm and 300 K, at an average electric field strength of 100 kV/cm. area, electric-field strength, and material structure) illuminated from the n-side. Fig. 6 shows simulation results for 20 GHz PD's. To compute the compression current, the diode harmonic distortion is calculated from the simulated sinusoidal response. As in [11] , the current for which the secondharmonic distortion increases above 40 dBc is defined, for convenience, as the compression point. While this does not give an exact calculation for the compression current, it can be used as a consistent point near compression for comparisons between different PD structures. To make a fair comparison between PD's with different absorber lengths, a PD with a RC-limited bandwidth is assumed. Therefore, the illumination area is adjusted as the intrinsic region length is changed to keep their ratio constant. And, since the compression current scales with electric field, the applied voltage is adjusted as the intrinsic region length changes to yield the same average electric field strength throughout the absorbing region. The compression current is normalized to (divided by) an n-side illuminated 1-m long PD at 1319 nm. The four curves at each temperature (in Fig. 6 ) are for p-side and n-side illumination at both 1.3 and 1.55 m. The simulations are performed at both 300 and 600K to reflect the influence of temperature on the carrier mobilities and velocities. For 20 GHz p-side illuminated PD's, the optimum absorption thickness appears to be near one absorption length, although at 300 K, the maximum is quite broad, showing only a 5% difference between PD's with 0.25-1.1 m absorber lengths. For InGaAs PD's with higher bandwidths, the advantages of illumination from the p-side dwindle, since the absorber thickness decreases due to transit time limitations and results in an absorption profile (absorbed power over the intrinsic region length) that is independent of position.
Since the differences in compression current between nand p-side illuminated PD's is related to the steady-state distribution of carriers [11] , small changes in the carrier velocities will have an effect on the calculated results (Fig. 6 ). More specifically, as the absorber temperature increases, any change in the ratio of hole to electron velocity can cause the position where the hole density equals the electron density to move, thus modifying the shape of the curves in Fig. 6 . In addition, any proportional decrease in both hole and electron velocities will proportionally decrease the compression current at high electric fields since the carrier densities in the intrinsic region are roughly inversely proportional to velocity. For InGaAs, the carrier mobilities and saturated velocities can be approximated with temperature dependencies for above 200K. The value of is estimated from data in the literature to be [26] and [27] , [28] for the electron mobility and high-field saturated velocity, respectively. For holes, [26] for the mobility and is used for the high-field saturated velocity. The temperature dependence of the saturated hole velocity was estimated from data for GaAs [29] due to the lack of information available for InGaAs. Since in all cases, the hole and electron velocities decrease by approximately the same fraction as increases from 300 to 600 K. Therefore, the high temperature compression current data calculated in Fig. 6 shows primarily a decrease in overall compression current, due to the reduced velocities. This is in contrast to GaAs where and [30] for the electron and hole mobilities, respectively. Therefore, at moderate electric-field strengths, the optimum absorber length and the compression current are stronger functions of temperature for GaAs PD's.
V. INTRINSIC REGION DOPING
High levels of unintentional intrinsic region doping can lead to high and low , and thus to excessive heating. Heat, as will be shown in the next section, can be the limiting factor in obtaining high-compression currents. Even moderate n-type intrinsic region doping densities can cause large excess heat generation by requiring more applied bias to fully deplete the intrinsic region. Fortunately, careful intrinsic region design can minimize , thus minimizing the excess heat generated. Using Poisson's equation, the electric field, , in a semiconductor void of free carriers (intrinsic region under dark conditions) is given by (6) where and are the donor and acceptor concentrations, respectively. For high-quality intrinsic material [26] , is typically between 0.2 and 1.0 10ˆ{ 15} cm 3 and predominately n-type. Thus, for a uniform distribution of donors in the intrinsic region, the electric field linearly decreases from the p-region to the n-region. As an example, the electric field strength under dark conditions ( ) is plotted in Fig. 7 for a p-i-n PD with a 1-m long intrinsic region under 10 V bias at several doping densities. Note how decreases linearly throughout the intrinsic region. It has been previously shown [6] , [11] that, as the PD nears compression, the electric field near the n-region ( m in Fig. 7 ) approaches zero. This is due to a space-charge electric field ( ) component, which is proportional to the photocurrent, that opposes
. When the magnitude of equals , Fig. 7 . Electric field for a 1-m long intrinsic region photodetector under dark conditions for various n-type intrinsic region (uniform) doping densities.
The intrinsic region extends from X = 0:4 to 1:4 m.
the total approaches zero. Thus, if is reduced near the n-region due to an increased intrinsic region doping level, a smaller (and thus a lower current) is needed to yield zero .
To help quantify the effect that intrinsic region doping has on , our numerical model will be used to evaluate several intrinsic region lengths and doping densities. Fig. 8(a) -(c) represents the compression current calculations for three PD's with intrinsic region lengths of 0.5, 1.0, and 1.25 m, respectively, and with varying levels of ntype intrinsic region doping densities . Fig. 8(a) -(c) contains calculations for both n-side (solid lines) and p-side (dashed lines) illumination conditions. All compression current calculations are normalized to an n-side illuminated 1-m long PD at 10 GHz.
can be seen from the figures to be approximately 0.4, 1.5, and 2.0 V for p-side illumination ( cm ), and approximately 0.8, 3.0, and 4.5 V for n-side illumination ( cm ) with 0.5, 1.0, and 1.25-m long intrinsic regions, respectively.
Several important features of are readily observed from Fig. 8(a)-(c) . First, for p-side illumination, is less sensitive to doping density for below 5 10 15 cm 3 . However, for n-side illumination, must be less than 1 10 15 cm 3 before the PD is insensitive to doping level. Second, for p-side illumination is about half of for the same PD illuminated from the n-side. Third, increases with the intrinsic region length, and fourth, for n-side illuminated PD's decreases substantially as the doping level increases. These results confirms one's intuition that low intrinsic region doping is beneficial to high current operation. Not only does decrease with thinner intrinsic region lengths, but also increases since the average intrinsic region electric field is equal to the applied voltage divided by intrinsic region length. Thus, thinner absorber region lengths will be increasingly important in minimizing the absorber power dissipation.
The compression current also has significant frequency dependence [6] , [21] . As reported in [11] at 1 GHz, the optimum absorber thickness was near 2 m for p-side illuminated PD's uniform doping densities. The data is normalized to a n-side illuminated 1-m long photodetector at 1319 nm and 300 K. at 1.3 m. This is in contrast to an optimum thickness of 0.8 m for p-side illumination at 10 GHz (Fig. 6 ). To highlight these frequency differences, simulation results for a 0.5 and 1.0-m long intrinsic region PD are plotted in Fig. 9(a) and (b), respectively, for various stimulus frequencies. As before, the simulated compression current results are normalized to a 1.0-m long n-side illuminated PD at 10 GHz. Note in both figures that is roughly independent of frequency for both n-and p-side illumination conditions and an increase in slope accounts for the variation in compression current with frequency. Now, having a quantitative understanding of the space-charge limitations to obtaining high current, the thermal limitations will be quantified and incorporated into the design process to provide an overall optimization scheme for achieving high current.
VI. THERMAL CONSIDERATIONS
Photodiode failure has been observed [31] to occur along curves of constant electrical power dissipation (bias voltage times photocurrent). This suggests a failure mechanism with thermal origins. Paslaski et al. [8] have studied the thermal behavior of PD's and have found that dark current runaway can explain failure. A thermally activated dark current causes PD failure when the dark current increase (due to a temperature rise) causes an additional increase in the diode temperature, resulting in additional dark current, and so on (thermal runaway). An interesting result from this analysis [8] is that the peak temperature within the InGaAs absorber reaches 900-1100 K at failure, depending on bias voltage, and the failure threshold is sharp. Given that PD failure can be linked to an increase in absorber temperature, a thermal model will be developed here to understand the limitations temperature has on the maximum compression current, thus allowing thermal optimization for a given structure. In this work, a detailed thermal model will be formed for surface-illuminated and waveguide-style PD's, with some discussion devoted to achieving optimum conditions.
The surface-illuminated PD to be modeled is shown in Fig. 3 where a circular mesa structure is shown. The heat is assumed to be generated evenly throughout the InGaAs absorber and flows only into the substrate. Since the optical beam may not uniformly fill the device area, the heat is concentrated slightly in the center of the absorber. In addition, there is a small nonuniformity of heat generated in the absorber due to the variations in electric field strength (hence, voltage drop variations), when high currents or slightly n-type absorbers ( 10 15 cm 3 ) are considered. The flow of heat, governed by Fourier's equation [32] , reduces to Laplace's equation for steady-state CW conditions. For the special case of onedimensional (1-D) heat flow between surfaces of constant temperature with a uniform heat source on one surface, the solution for the temperature between the two surfaces can be described with the use of the thermal impedance as (7) where is the temperature difference between surfaces, is the uniform heat source on one surface, is the distance between surfaces, is the surface area, and is the thermal conductivity of the material. Equation (7) can be very useful in describing the thermal impedance of the absorber region of the PD in Fig. 3 , as the absorber is usually very thin relative to its diameter, resulting in very little lateral heat flow. The heat flow from the bottom surface of the absorber through the mesa and substrate is two-dimensional (2-D). Accounting for the thermal impedance due to this region will be discussed shortly. However, it is important to first discuss the temperature rise of the absorber itself, as it is common to most PD structures, including waveguide, both lumped and traveling-wave designs, and surface illuminated p-i-n PD's. It is simple to show that the thermal impedance of a region with a uniform distribution of heat generation is equivalent to having all the heat generated at a plane in the absorber center. Thus, the thermal impedance for an InGaAs absorber with thickness and radius is given by (7) and is equal to (8) where is the thermal conductivity of InGaAs. The temperature rise can then be calculated by multiplying (8) by the power dissipated in the absorber.
The thermal conductivity of many semiconductors decreases [33] with increasing temperature. For the materials of interest to long-wavelength PD's (InP, InGaAs, and InGaAsP) the temperature dependence of can be approximated [34] as (9) where is the temperature, is a constant in the range of , and is a temperature where is equal to . Equation (9) is good approximation [34] for in the range of from 150 to 600 K, with and for InGaAs and InP, respectively. Since is a function of temperature, a direct solution to Laplace's equation is a function of temperature and requires nonlinear calculations. Since the only temperature dependence is with , Joyce [35] has shown that a Kirchoff transformation can be used to immediately yield the nonlinear solution from the linear solution which assumes constant . Using the equations derived in [35] , the relationship between the temperature rise, , and the power dissipated, , is (10) where is the thermal impedance from the solution to Laplace's equation with constant . Substituting (9) into (10) and solving for yields (valid for )
Using (8) and (11), the maximum absorber temperature rise for several uniformly illuminated circular InGaAs absorbers ( (300 K) 0.0476 W/cm K [34] ) is plotted ( Fig. 10 ) for various diameters and thicknesses. The effects of a temperature dependent (9) are readily observed in Fig. 10 where the curves deviate from a linear temperature rise with [predicted using (8) with constant ]. The difference is substantial. For a 1-m thick, 15-m diameter absorber, and a constant (300 C), (8) yields C/W. The corresponding temperature would rise from 300 K to only 597 K at W, where, from Fig. 10 , the temperature would be closer to 1000 K when properly accounting for (9) .
It should be emphasized that (8) implies that, given a PD with a fixed, RC-limited bandwidth, the minimum possible thermal impedance is determined only by the thermal conductivity of the absorber material. However, achieving this minimum will be determined by the effectiveness of achieving uniform illumination over the absorber area. This holds true for surface-illuminated as well as waveguide structures, although, in the case of traveling-wave design, the capacitance may not limit the bandwidth [17] since the effective area can exceed the area of a lumped-element RC-limited bandwidth PD. However, for PD's with traveling-wave design, other factors can quickly offset any improvement that larger effective areas might help in reducing the absorber thermal impedance. The degrading factors of waveguide PD's will be addressed in Section VI.
While the absorber thermal impedance puts a lower limit on the total attainable thermal impedance, the material between the absorber and the final heat sink can contribute substantially to the total thermal impedance. For a circular heat source, radius , mounted on a circular substrate, radius , having a thickness , (Fig. 3) , the solution to Laplace's equation can be expressed in series form [37] as (12) where the constants are determined by solutions of and is the thermal conductivity of InP ( (300 K) 0.68 W/cm K [33] ). Equation (12) is plotted at and (the hottest point) in Fig. 11 for a 20 m diameter heat source on the surface of a circular InP substrate (radius 500 m) as a function of the substrate thickness. The summation in (12) was terminated when the contribution to the thermal impedance per additional term was reduced to below 1 part in 10 6 (approximately 10 4 to 10 5 terms). As is typical in power semiconductor devices [37] , [38] , the thermal impedance is a weak function of the substrate thickness when the thickness is larger than a few times the heat source diameter.
Comparing the results in Fig. 11 with (8)- (11), it is apparent that the substrate thermal impedance can be comparable to that of the absorber. Thus, both are important to the total thermal analysis. To include the thermal impedance of the InP substrate with the InGaAs absorbers from Fig. 10 , a composite solution is formed. At each power level, the substrate thermal impedance is calculated with (12) , thus yielding the temperature (at the heat source center) on the heat sink side of the absorber. This temperature is then used as the new heat sink temperature, , (worst case) for the absorber in calculating the maximum absorber temperature using (8)- (11) . The results are plotted in Fig. 12 for the same size and thickness absorbers as in Fig. 10 where, for a 600-900 K maximum absorber temperature, the maximum permissible power that could be dissipated is reduced by approximately 50%. Thus, if a low thermal impedance from the InP substrate to the external heat sink [39] can be achieved, then the maximum power dissipated for a typical 20 GHz surface-illuminated p-i-n PD ( m, m) at failure would be approximately 0.2-0.4 W, in agreement with experimental results obtained in [8] .
A closer examination of (12) reveals that the thermal impedance varies inversely with the absorber diameter. Thus, for PD's with a RC-limited bandwidth, there are thermal advantages to increasing the diameter. This is in contrast to the absorber thermal impedance which is independent of the RC-limited bandwidth PD dimensions. To quantify this, Fig. 13 plots the maximum power dissipated in a RC-limited (nominally 20 GHz) PD for a fixed maximum temperature rise of 300 and 600 C. Note how the maximum possible power dissipation doubles when the physical diameter is increased from 10 m (0.16 m absorber thickness) to 25 m (1.00 m Fig. 12 ) is assumed. Also plotted is the maximum photocurrent for a PD based on the calculated power dissipated and the applied voltage necessary to achieve an average electric field strength of 100 kV/cm. absorber thickness). At first glance, this would be an obvious trait to exploit, however, in the optimization for maximum compression current, the power dissipation must be weighed against the required voltage necessary to overcome spacecharge effects. Recalling the results in Fig. 6 , the compression current for p-side illuminated PD's is approximately the same for 0.16 and 1.0-m long PD's. However, the results in Fig. 6 were calculated for a constant average electric field strength. The 0.16-m long PD operates at only 16% the voltage of the 1.0-m long PD, a 600% decrease in power dissipated for the same average current. Thus, any thermal impedance advantage that is gained by increasing the diameter (and hence thickness), is quickly lost because of the required voltage that is necessary to fully deplete the intrinsic-region and to overcome space-charge effects. This is also quantified in Fig. 13 , where the maximum current of an RC-limited BW PD is calculated by dividing the power dissipated by the applied voltage necessary to yield an average electric field strength of 100 kV/cm (as in Fig. 6 ). This calculation is valid if the current is independent of intrinsic region thickness. This is true for p-side-illuminated PD's in the range of intrinsic region lengths from 0.2 to 1.25 m (see Fig. 6 ). The dashed lines represent extrapolations of this calculation to longer absorbers for which the validity of this assumption is less valid. Therefore, to obtain maximum compression current, PD's should be fabricated with the thinnest absorber possible. This result has its limits since, as the absorber thickness decreases (recalling the results from Section II) the PD terminal voltage needs to be raised to allow for voltage transients across the load. Thus, when this added voltage is comparable to the voltage required to overcome space-charge effects, the extra voltage weighs more heavily on the total power dissipated. In addition, if the absorber is very thin, the added voltage could cause excessively high-electric fields, resulting in breakdown or avalanching effects. Nevertheless, the reduced absorption in thinner absorbing regions will dictate that double-pass or resonant cavity [40] absorber designs be used to obtain efficient high-current surface-illuminated PD's. 
VII. COMPARISONS BETWEEN SURFACE-ILLUMINATED
AND WAVEGUIDE PHOTODIODES Considerable effort has been focused in recent years toward the design of waveguide and traveling-wave PD's [14] - [17] , [36] . At first glance it seems obvious that traveling-wave PD's should provide the highest current as the carrier and heat densities can be minimized since the bandwidth is not limited by capacitance, allowing larger surface areas to be exploited. However, waveguide structures may not be necessary, especially in low speed ( 30 GHz) applications, since the full potential of surface-illuminated designs has yet to be realized. This is especially important when cost is considered owing to the potential difficultly of fiber coupling to the waveguide. This section will compare surface-illuminated to waveguide structures in terms of heat dissipation, space-charge effects, and the practical implementation of techniques to maximize compression current.
Ultimately, one advantage waveguide PD's have over surface-illuminated PD's is the decrease in thermal impedance due to the heat source being long and narrow. This can result in a reduced absorber-to-substrate thermal impedance as the absorber thermal impedance is fixed, given a RC-limited bandwidth as previously discussed. Although, if a travelingwave design is employed with a response that is not limited by the lumped-element capacitance, lower absorber thermal impedances and lower space-charge effects could be achieved. Here the focus is with the thermal impedance improvements due to the heat source geometry and any improvements due to the traveling-wave design will just be an extension of the calculations performed here. Many methods have been used [37] , [38] , [41] to calculate the thermal impedance of rectangular heat sources common to semiconductor devices. Fig. 14 shows the thermal impedance for a rectangular heat source centered on a square InP die based on the formula in [37] . For a square heat source (17 17 m), the thermal impedance is the same as the circular absorber (Fig. 11) as expected, since the thermal impedance is roughly a function of the heat source area. However, as the waveguide becomes long and thin, a reduction of 200-400% is achieved for waveguide widths below 3 m.
The calculations in Fig. 14 assume a waveguide centered on the InP substrate. In practice, one facet of the waveguide is at the edge of the die to allow fiber coupling. Additional calculations show that, in this case where one end of the waveguide is within 10 m of the edge, the thermal impedance increases slightly, about 10-20%, depending on the waveguide dimensions. Thus, in the limit of very narrow waveguides, the substrate thermal impedance is much smaller than the absorber thermal impedance and the limitations on the maximum power dissipation are determined primarily by the absorber (Fig. 10) . Ideal RC-limited waveguide PD's could therefore potentially operate at twice the power dissipation of ideal surface-illuminated PD's, although this has not yet been experimentally observed [8] .
Deviations from ideal operating conditions can quickly degrade the maximum power dissipation for both waveguide and surface-illuminated PD's. In the case of surface-illuminated PD's coupled with Gaussian-shaped beams, the current (hence heat source) is concentrated near the center of the absorber. For example, the results in Fig. 5 show that if the power is spread out such that the PD is operated at 98% of peak quantum efficiency ( ), the spot size, , of the Gaussian beam is equal to the actual PD radius, , divided by 1.4. Since most of the power in a Gaussian beam is concentrated within 70% of , the majority of the heat is generated in only approximately 1/4 of the physical area. Thus, for a 25 m diameter PD optimized at 98% quantum efficiency, the thermal impedance calculations for a 12.5 m diameter PD should be used to calculate typical thermal impedances.
As for waveguide PD's, three important factors are responsible for limiting the available potential of these structures. The low total thermal impedance, resulting from long thin effective heat sources, can increase substantially if thick layers such as InGaAsP [15] , [36] , which has an even lower thermal conductivity [32] than InGaAs, are used to help dilute the light absorption and guide the light in the waveguide. These layers can be substantially thicker than the InGaAs absorber itself, and thus can completely eliminate the advantage of long, thin heat sources that waveguide PD's have over surfaceilluminated PD's. The second limitation is the difficulty in designing the absorber to achieve uniform illumination [15] over the absorber area, since normally, the absorption distribution for a rectangular waveguide with constant absorption coefficient is a decaying exponential. This is important because any nonuniform carrier distribution will lead to localized heating and enhanced space-charge effects [17] nearest to the input of the waveguide. Last, the power density limitations of the input facet [16] need to be properly addressed to allow input power levels approaching 100 mW without facet damage.
VIII. CONCLUSIONS
In conclusion, we have outlined design considerations for gigahertz-bandwidth high-current p-i-n photodetectors utilizing InGaAs absorbers. Compression current measurements on two photodetectors were used to define two important parameters, the threshold voltage required for high-current operation and the slope of the compression current versus voltage curve. Simulations of RC-limited-bandwidth photodetectors were then used to optimize designs which would minimize the threshold voltage and maximize the slope. These optimizations lead to higher compression currents at lower applied voltages and thus, less power dissipation, which is important since thermal damage can limit the maximum compression current. Lower threshold voltages were shown to be associated with p-side illumination, low intrinsic region doping densities, and thin absorber lengths. Higher slopes were shown to be associated with thinner absorbers and with lower photogenerated carrier densities (defocusing the light). A thermal model was also developed to quantify the thermal impedance of photodiodes. The model was used to show that spreading the generated heat out by increasing the absorber diameter was a weak effect compared to the space-charge advantages of thin absorbers, thus outweighing the thermal considerations for smaller, thinner absorbers. Finally, some comparisons were made between surface-illuminated and waveguide photodetectors to compare relative performance and to outline the steps required to obtain maximum performance from each structure.
